The catalytic techniques that degrade polysaccharides such as cellulose and elaborate the resulting monomers into organic feedstocks in situ make up an old area of research that has been reignited of late. One-pot conversions of polysaccharides into small organic molecules under acidic, basic, oxidative, reductive and hydrothermal conditions have been reported, and a remarkable breadth of compounds have been produced. 5-Hydroxymethylfurfural (HMF), levulinic acid and polyols such as sorbitol have been obtained in particularly high yields, whereas serious selectivity struggles remain in reactions that produce organic acids such as lactic or glycolic acid. This review covers one-pot, catalytic transformations of polysaccharides into small organic molecules and focuses on mechanism, selectivity and optimization.
Introduction
Based upon their abundance, polysaccharides, and especially cellulose and hemicellulose, have the potential to be major sources of small molecules for a variety of applications. Two polysaccharides, cellulose and hemicellulose, make up approximately 70-85% of lignocellulose, 1 which in turn makes up the vast majority of woody biomass and agricultural residues. Additionally, cellulose cannot be digested by humans, so its use as chemical feedstock need not compete with food resources. Thus the catalytic degradation of natural polysaccharides to obtain glucose and other small sugars has long been studied. Most frequently, dilute or concentrated acid is used to hydrolyze wooden material to glucose and pentoses. Sugars such as glucose (the monomer unit of cellulose) and xylose (a common monomer unit of hemicellulose) can be used as obtained, or converted into a wide variety of compounds. Historically, ethanol has been the most common target of sugar degradation, though the obtainable products are quite diverse and have been extensively reviewed. 2 Unfortunately, polysaccharides can require harsh conditions to degrade. This is especially true for cellulose, which is largely crystalline and held together by a network of hydrogen bonds ( Figure 1 ). Thus the conditions required to hydrolyze polysaccharides to sugars often degrade these same sugars. 3 This incompatibility between high feedstock stability and lower product stability has been a long-standing challenge for chemists and engineers, who have sought technical and chemical processes that operate under milder conditions, and thus produce higher yields of glucose and other sugars. Some progress toward this goal has been achieved. Today, biomass samples that contain both hemicellulose and cellulose are first subjected to a milder hydrolysis, which degrades hemicellulose, before the more resistant cellulose is hydrolyzed under harsher conditions. This procedure improves the yields of pentoses (mainly xylose and arabinose) and hexoses (mainly mannose and galac- Additionally, this type of strategy could combine the hydrolysis of polysaccharide to sugar with a subsequent modification in one pot, yielding a more efficient and environmentally benign reaction that requires fewer purification steps and less solvent, time and energy.
During the past ten years, there has been significant focus on developing reusable solid catalysts for biomass degradation and some advances have been made. 7 In particular, the solid-acid-catalyzed hydrolysis of polysaccharides in various media has been explored and combined with the in situ metal-catalyzed reduction of the resulting sugars. Furthermore, the one-pot hydrolysis and dehydration of solubilized cellulose to 5-hydroxymethylfurfural (HMF) and levulinic acid has been studied extensively. The oxidative and base-catalyzed degradations of cellulose have proven more difficult to control, but have also yielded useful products. By setting the spotlight on the one-pot, catalytic hydrolysis and further elaboration of polysaccharides, and especially cellulose, we hope to demonstrate the potential of this strategy to provide a renewable source of small organic molecules (Figure 3 ), as well as to identify areas in which further development could offer significant rewards.
Scope and Related Topics
This review highlights the 'side reactions' of sugars that take place during the catalytic degradation of polysaccharides under various conditions, and the efforts to isolate these compounds in significant yield. It will also attempt to cover the recent development of methods to selectively trap monosaccharides in situ as more stable compounds.
The field of polysaccharide degradation is both large and broad, and will not be covered exhaustively here. In fact, even the narrower field that concerns the hydrolysis of polysaccharides to their constituent monomers has seen almost 200 years research, and has been reviewed. 8 Thus this topic will not be comprehensively addressed. Rather, we aim to review the direct, catalytic conversion of polysaccharides, in particular cellulose but also hemicellulose, into small organic molecules in liquid media. Our focus is directed towards the factors that affect yield and selectivity in these reactions, and efforts to improve these quantities. Some of the techniques discussed in this review were discussed in a recent mini-review. 9 Some polysaccharide degradation techniques that are not covered here have been the subject of other reviews; these include enzymatic degradation, 10 the catalytic production of hydrogen, carbon monoxide, and syn gas, 11 and pyrolysis and gasification techniques. 
A Note on Yield
Discussions of yield and selectivity in cellulose degradation are complicated by the various systems for reporting yields from these reactions. In the literature, these values are variously reported as percent by mole, by weight, and by carbon basis. Though yields in mol% are preferable in terms of understanding the reaction, they are not always possible or reasonable. In the present review, we have given yields in mol% when the theoretical yield could be calculated definitively, such as in the case of HMF formation. In more complicated cases, when the initial number of monomer units is unclear (such as in a biomass sample) or it is unclear precisely how many equivalents of a product can reasonably be produced from an equivalent of cellulose monomer unit, wt% is used.
2 Acid-Catalyzed Processes (T < 250°C)
Hydrolysis to Monosaccharides
To understand the trapping of glucose-degradation products in aqueous acid, it is necessary to consider the conditions under which glucose can be formed. Braconnot first demonstrated the solubilization of cellulose with concentrated Brønsted acids in 1819. 13 This process works because the highly ionic solvent is able to penetrate and disrupt the hydrogen bonds between and within the cellulose polymer strands (see Figure 1 ). 14 Additionally, strong acids can derivatize the hydroxy groups along the cellulose chain, disrupting intermolecular hydrogen bonding and producing cellulose derivatives that are more reactive than cellulose itself. 15 The fate of cellulose (or its derivatives) dissolved in strong acid depends upon the reaction conditions. If the solution is diluted immediately after the cellulose is dissolved and the system is not heated, very little chain-breaking occurs and cellulose is regenerated. 16 On the other hand, diluting the strongly acidic solution with water and heating to ~100°C for a few hours yields glucose, typically in >80% yield. 17 This process is commonly denoted 'concentrated acid hydrolysis' or 'homogeneous acid hydrolysis', and is shown in Scheme 1. The acid-catalyzed hydrolysis of polysaccharides is a specificacid-catalyzed process, so the particular acid used is irrelevant; the pH alone determines the rate of hydrolysis.
Sulfuric acid was traditionally chosen to mediate cellulose hydrolysis because of its low cost and strong acidity. The dissolution of cellulose in aqueous sulfuric acid is fast even at room temperature when the acid concentration is ≥ 65% w/v and the acid-to-cellulose ratio is >2 mL/g. 18 The hydrolysis of solubilized cellulose is rapid at temperatures between 50 and 100°C and results in very little degradation of the formed monosaccharides because of the low temperature. Despite the high glucose yields available from this process, problems associated with recovering the high-boiling sulfuric acid have led to the use of other strong acids, such as hydrofluoric, 19 phosphoric, 20 hydrochloric, 21 trifluoroacetic 22 and formic 23 acids.
To our knowledge, only Hardt and Lamport have isolated a small organic compound other than the sugar monomer from concentrated acid hydrolysis. They dissolved wood chips in liquid hydrofluoric acid and poured the resulting mixture into a suspension of calcium carbonate in dichloromethane. Aqueous extraction produced a-D-glucopyranosyl fluoride in 20 wt% yield. 24 Despite their selective nature, concentrated acid processes suffer from several serious disadvantages: the acids are corrosive, and the waste products contain large amounts of acids that must be neutralized. These issues prevented the concentrated acid hydrolysis of polysaccharides from being extensively industrialized, even though it offers access to very high sugar yields.
Dilute acid solutions can also degrade polysaccharides, though high temperatures must be used to compensate for the weaker acid solutions. This comes at the cost of selectivity, as monosaccharides are not stable at high temperatures, especially not under acidic conditions. Nevertheless, commercial plants that generated sugars from lignocellulose using hot, dilute acid were operative during the first half of the 20 th century. The dilute acid hydrolysis of polysaccharides dates back to an initial report by Simonsen in 1898. 25 Simonsen heated cellulose in aqueous 0.5 wt% sulfuric acid for four hours under 9 bar pressure with an approximate temperature of 175°C and obtained a 45% yield of glucose, which was subsequently neutralized and fermented to produce ethanol. This was a batch process that yielded very dilute sugar solutions, but it was followed by intense research aimed at improving its efficiency. 26 The dilute acid hydrolysis of cellulose is usu-
Scheme 1
The acid-catalyzed hydrolysis of cellulose to yield glucose ally performed between 150 and 250°C and using ~1 wt% of a strong, inorganic Brønsted acid. Carboxylic acids such as acetic and carbonic acids have been used, but yielded inferior results because they, as weaker acids, are less suitable for specific-acid-catalyzed processes (such as cellulose hydrolysis) where the reaction rate is directly correlated to the pH. Cellulose is not significantly dissolved in dilute acid at temperatures below 250°C, so the degradation seen in these reactions is attributed to a combination of the rather fast diffusion of water and protons into amorphous parts of the cellulose, and slower reactions on the crystal surface that liberate soluble glucose and oligosaccharides. 27 Consequently, the degree of polymerization of cellulose declines in the early stages of dilute acid hydrolysis, but gradually levels off as the fast hydrolysis of the sensitive amorphous regions is completed and is followed by slow erosion at the surface of the inert crystallites. 28 There are also indications that both chemical modifications of the solid cellulose and the formation of unreactive oligosaccharides occur under these conditions, further lowering the monomer yield and prohibiting full conversion of poly-and oligosaccharides to monomers (Scheme 2). 29 Hence, in most reports, the decrease in degree of polymerization diminishes quickly at first, but eventually becomes relatively constant when the system consists of glucose, soluble oligosaccharides and insoluble crystalline cellulose.
29b,30
Scheme 2 Model for the dilute acid hydrolysis of cellulose, adapted from published models 29 Despite problems in achieving complete cellulose degradation from dilute-acid hydrolysis, the most serious drawback of the process is that the desired products are unstable to the reaction conditions. At 200°C, for example, the hydrolysis of oligosaccharides is only acid-catalyzed for pH < 4; 31 under these conditions, the pentoses and hexoses formed from the degradation of lignocellulosic material decompose quickly. 32 Thus the maximum yield of glucose from dilute acid cellulose hydrolysis was long considered to be ca. 60-70%. The quick decomposition of monosaccharides in hot acid and the desire to obtain high yields of monosaccharides, which are essentially reaction intermediates under these conditions, prompted the development of several modified processes over the past century. For example, cellulose pretreatment can be used to shorten the hydrolysis time and therefore improve glucose stability.
Dilute acid hydrolysis is often applied in flow reactors, which minimize the contact time between the formed monosaccharides and hot acid. 33 Additionally, multi-step hydrolysis processes have been used to improve the total sugar yields from lignocellulose. In the first step, hemicellulose and easily hydrolyzable cellulose regions are hydrolyzed and the products collected; the more robust crystalline cellulose is then hydrolyzed under more extreme conditions. 34 Hemicellulosic sugars can be produced selectively from lignocellulosic material by dilute acid hydrolysis. Under carefully controlled conditions, high yields of xylose and other hemicellulosic monosaccharides can be obtained without significantly altering the cellulosic fraction.
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During the past ten years, significant research has been devoted to the acid-catalyzed hydrolysis of polysaccharides by solid acids, which can be recycled. These reactions are generally conducted in water using pretreated cellulose and temperatures of 100-150°C; the results are generally glucose and water-soluble oligosaccharides iñ 50% total yield. As in the case of reactions using homogeneous acids, low temperatures are preferred in order to avoid subsequent reactions of glucose, 36 though the formation of decomposition products is significant even under these conditions. This topic has been reviewed. 37 Cellulose and other polysaccharides can be solubilized in ionic liquids 38 and in various mixtures of molecular solvents and ionic liquids or salts. 39 Li and Zhao reported the first homogeneous acid-catalyzed degradation of cellulose to glucose in ionic liquids. 40 They obtained 39% glucose yield from microcrystalline cellulose in a mixture of sulfuric acid and [
n BuMIM] + [Cl] -(MIM = 3-methylimidazolium) after 35 minutes at 100°C. The rest of the cellulose was also dissolved, and was quantified as oligosaccharidic total reducing sugars (TRS). The same authors later extended their study to other lignocellulosic materials. 41 Processes of this kind 42 mainly yield soluble oligosaccharides, which could be used to produce viscous aqueous preparations, or hydrolyzed further using other protocols. In contrast to aqueous heterogenous hydrolysis, the hydrolysis of cellulose that is dissolved in an ionic liquid or a concentrated acid occurs by random scissions because all of the glycosidic bonds in the polymer are equally available. Consequently, a short delay in glucose formation is normally observed after cellulose cleavage into shorter chains has started. 43 Cello-oligomers (DP > 100) can be precipitated from ionic liquid solution by adding water. 44 As in aqueous media, cellulose hydrolysis in ionic liquids is faster at lower pH. (Even in ionic liquid systems, a small amount of water has to be present to promote hydrolysis.) In ionic liquids, acid-catalyzed cellobiose hydrolysis is faster than glucose decomposition in a more acidic environment, whereas the opposite is true in less acidic media. Rinaldi, Schüth and co-workers have reported the hydrolysis of cellulose to oligosaccharides in ionic liquids using solid acid catalysts. 45 Amberlyst 15 and 35 outperformed Amberlyst 70, Nafion, g-alumina and zeolites as catalysts for cellulose depolymerization. The authors suggested that the pore size and surface area of the solid acid were pivotal in determining the degree of hydrolysis. In a later study, the authors concluded that protons were released from the acidic resin into solution via ion-exchange and that, consequently, the catalyst was not heterogeneous in practice. 43a The resins could not be reused unless they were regenerated. In fact, ionic liquids are exceptionally good at releasing protons from acidic ion-exchange resins such as Nafion and Amberlyst. 46 Many more protons are released from acidic resins in mixtures of water and
-than in pure water, probably because the high ion concentration in the solution facilitates ionexchange.
Decomposition of Sugars in Hot, Dilute Acid
The degradation of glucose itself in hot, dilute acid has seen significant research, and occurs primarily by dehydration. 29a,47 The main degradation product under these conditions is HMF, which can be formed both from glucose and from its isomer, fructose (Scheme 3). In fact, it forms significantly faster, and in higher yield, from fructose than from glucose. 48 Thus, because glucose and fructose can be interconverted in aqueous acid by the Lobry de Bruyn-Alberda van Ekenstein rearrangement, 49 HMF can be formed directly from glucose or via a fructose intermediate. The formation of HMF from fructose and glucose involves three consecutive dehydration steps and is acidcatalyzed. 48, 50 Just as HMF is formed from glucose, furfural is a main degradation product of pentoses such as xylose and arabinose in acidic solution. 51 Consequently, the acidic degradation of hemicellulose, a more chemically diverse compound than cellulose (see Figure 2) , generates xylose, arabinose, and furfural, as well as acetic acid from the acetyl ester groups that are also present. 35a,52 Furfural formation from xylose also occurs via dehydration, 53 and its rate increases with lower pH and higher temperature. 54 Thus, HMF and furfural are often byproducts of polysaccharide hydrolysis in acid. 55 Nevertheless, high yields of hemicellulosic monosaccharides can be obtained from lignocellulosic material by dilute acid hydrolysis because hemicellulose can be hydrolyzed under milder conditions, thus avoiding furfural formation. Alternatively, furfural can be isolated from hemicellulose under more severe conditions, as it is more stable in acidic solution than xylose is. 56 The production of furfural from hemicellulose and xylose has been reviewed. 2b,57 HMF can also decompose in aqueous media, giving levulinic and formic acids. 58 After HMF and levulinic and formic acids, humic solids are the major decomposition products from glucose in hot dilute acid, accounting for up to 20% of the carbon from glucose degradation. 56 The formation of insoluble humins and polymers increases at higher glucose concentration and longer residence time. In ionic liquids, the yield of solid humins from glucose and fructose increases linearly with time when acid is present, whereas solids are not formed under acid-free conditions. 59 In a study conducted in acidic ionic liquid solution, 16 and 21 wt% humins were produced from glucose and xylose, repectively, after four hours at 120°C. Interestingly, although neither HMF nor furfural produced any solid residue under these reaction conditions, equimolar mixtures of glucose-HMF and xylose-furfural produced 33 and 41 wt%, respecitvely. These results suggest that humin formation takes place during reactions between furans and other monosaccharide degradation products, and can be a considerable obstacle to obtaining high yields of furan-2-aldehydes from monosaccharides in ionic liquids. 59 Several other byproducts of glucose decomposition, including erythrose, glycolic acid, dihydroxyacetone, pyruvaldehyde, glyceraldehyde and lactic acid, can be detected in trace amounts.
50b, 54, 60 The degradation of glucose during the dilute acid hydrolysis of cellulose is summarized in Scheme 4. 
Selective Formation of Furan-2-aldehydes
As HMF is the initial product of the acid-catalyzed degradation of glucose, attempts have been made to isolate it, rather than glucose, in high yield from cellulose degradation, and significant amounts of HMF have been obtained from dilute aqueous acid systems. However, HMF is also degraded in acid, so the rate of polysaccharide hydrolysis must always be balanced against that of HMF degradation. Under the conditions normally employed for the dilute acid hydrolysis of polysaccharides, higher temperatures and acid concentrations lead to faster HMF formation, 29a and these parameters can be manipulated to maximize HMF yield.
For example, Agrawal, Jones and co-workers studied the dilute acid hydrolysis of pine sawdust with various acids at pH 1.65. 61 After heating to 150°C for two hours, they found most of the formed monosaccharides intact, but both pentoses and hexoses decomposed significantly at higher temperatures. After one hour at 200°C in aqueous trifluoroacetic acid, the reaction yielded furfural (57%) and HMF (18%). When sulfuric acid was used, the furfural yield was 33% but very little HMF was obtained; this was attributed to further degradation of the latter. The difference between the reactions in trifluoroacetic acid and sulfuric acid may derive from the decreased dissociation constants, and hence acidity of the acids in high-temperature water. 62 In total, the trifluoroacetic acid solution dissolved 38% of the pine sawdust, whereas sulfuric acid dissolved 55% of the material. Pure water dissolved 30% of the biomass and returned 11% HMF at this temperature (see also section 5).
In addition to Brønsted acids, Lewis acids and electrochemically generated acids have also been applied to the hydrolysis of cellulose, and have produced HMF. Seri and co-workers used aqueous 0.01 M lanthanum(III) chloride, a water-tolerant Lewis acid, to catalyze cellulose hydrolysis at 250°C. The HMF yield peaked at 19% after three minutes and then declined rapidly as HMF was being replaced by levulinic acid. 63 In 1988, Nobe and co-workers explored cellulose hydrolysis by the acid generated electrochemically from water and 0.3 M sodium sulfate. The conversion of cellulose was generally quite low, and depended strongly on temperature. At 160°C, the degradation of glucose to HMF began; at 200°C, levulinic acid and other degradation products were the main compounds detected. 64 Regardless of the temperature and pH used in the aqueous hydrolysis of cellulose or glucose, high yields of HMF are not seen due to its slow formation from glucose or cellulose, and its fast rehydration to levulinic and formic acids. At 190°C and aqueous 0.1 M sulfuric acid, glucose is completely converted into HMF and further into levulinic acid in 75% selectivity after only 30 minutes. 65 On the other hand, high yields of HMF can be obtained starting from aqueous solutions of fructose or the polyfructan, inulin. 66 However, since HMF was named by the US Department of Energy as a top target product from biomass, 67 the direct conversions of glucose and cellulose into HMF have attracted great interest. The selective formation of furfural and HMF from mono-and disaccharides has recently been reviewed. 2a,b,68 Hydrolysis is the principal barrier to obtaining HMF in high yields, and efforts toward this end are united in the goal of preventing reactions between water and HMF.
In one strategy, Mascal and Nikitin successfully trapped and isolated HMF as its chloro derivative before it could be hydrolyzed. Using a concentrated acid process, glucose and even microcrystalline cellulose could be converted into 5-chloromethylfurfural (CMF) in a single pot. 69 They used 5 wt% lithium chloride in concentrated hydrochloric acid to dissolve the cellulose, and heated it to 65°C for 30 hours while continuously extracting with 1,2-dichloroethane to yield 80% conversion of cellulose and a solution of CMF in 1,2-dichloroethane (Scheme 5, Table 1 entry 9). After evaporation of the solvent and chromatographic purification, CMF was obtained in 71% yield. The process was also applied to lignocellulosic material; the authors obtained 40 wt% yield furfural and 26 wt% CMF from corn stover. 70 Though this method has the advantage of giving high yields of furan-2-aldehydes from relatively cheap reagents, the large amounts of chlorinated solvents and concentrated hydrochloric acid required are likely to prevent its large-scale implementation.
Scheme 5 Direct conversion of polysaccharides into furans using continuous extraction
Other authors sought to increase the stability of HMF during polysaccharide hydrolysis by minimizing the water content of the reaction solution. This meant finding a suitable non-aqueous solvent system for the reaction and, as ionic liquids had already been used as solvents for acidcatalyzed cellulose hydrolysis (vide supra), they were reasonable candidates for HMF formation as well. In 2007, Zhang and co-workers reported that chromium chloride salts catalyze glucose-fructose isomerization in ionic liquids, thereby enabling the rapid conversion of glucose into HMF in the absence of aqueous acid (cf. Scheme 3). Thus HMF could be isolated in high yield without subsequent hydrolytic fragmentation to levulinic acid and formic acid. 71 This work prompted Zhang and several other research groups to explore the direct conversion of biomass into HMF and furfural in ionic liquids. Zhang and co-workers dissolved cellulose in [ 
Downloaded by: the University of Oxford. Copyrighted material.
heated with copper(II) chloride and/or chromium(II) chloride (total metal loading was 6 mol%; n Cu /n Cr was varied) and 10 equivalents of water at 120°C for eight hours, and obtained up to 57 mol% of a quite pure HMF (Scheme 6; Table 1 , entry 1), most of which could be extracted with methyl isobutyl ketone (MIBK). 72 The solvent and catalyst could be reused without loss of activity once the accumulated water was removed. The authors also noted that decreasing the reaction temperature and time gave more oligo-and monosaccharides at the expense of HMF yield (Table 1 , entries 1 and 2). Binder and Raines used a combination of two ionic liquids, + [Cl] -and DMA-LiCl (DMA = dimethylacetamide, which forms an ion pair with LiCl and has been used as a solvent for cellulose hydrolysis 73 ), along with excess DMA, as a reaction medium to convert glucose, cellulose, and corn stover into furans (Table 1 , entries 6 and 7). 74 Their system used 6-10 mol% concentrated hydrochloric acid and 10-25 mol% chromium(II) chloride as catalysts and, after two hours at 140°C gave 54% yield of HMF from cellulose, and 47% HMF and 37% furfural from corn stover. Zhao and co-workers examined the use of microwave (MW) irradiation for polysaccharide degradation in ionic liquids. They dissolved 5 wt% cellulose in [1-
-and added 6 mol% chromium(II) chloride and 37 mol% water, then heated for two minutes at a microwave power of 400 W (Table 1 , entry 3). The result was a 61% yield of HMF, plus 16% reducing sugars as byproducts. 75 These authors later reported that the same process also gives furfural from xylan and HMF and furfural from pine sawdust in good yields (Table 1 , entries 4 and 5). with chromium(II) chloride and 0.3 equivalents of water at 100°C for four hours to convert cellobiose (a glucose dimer) into HMF in 74 wt% yield. 77 Neither cellulose nor starch (which is more readily hydrolyzed in acid than cellulose) could be degraded under these conditions.
Chung and co-workers decomposed starch to HMF in up to 73% yield using aqueous hydrochloric acid and chromium(II) chloride in [1- n OctMIM] 
Downloaded by: the University of Oxford. Copyrighted material. Although most reports of polysaccharide hydrolysis in ionic liquids use water, acid and chromium(II) chloride as additives (Table 1) , the necessity of adding acid (intended to catalyze polysaccharide hydrolysis and monosaccharide dehydration) in ionic liquids has been questioned. Qian, Chen and co-workers recently showed that only trace amounts of water, and no acid, were required for cellulose conversion to HMF in ionic liquids at 120°C. 79 The simple hydrolysis of cellulose required at least one equivalent of water, but when chromium(II) chloride was added, the dehydration of glucose to HMF produced water sufficiently rapidly to fuel the hydrolysis. Additional water lowered both the cellulose hydrolysis rate and the HMF yield. The results were attributed to the amplified dissociation constant of water (K w ) in ionic liquids. K w was highest when the molar ratio of water to ionic liquid was 0.8; at higher ratios, K w , and hence [H + ], dropped quickly. The authors compared this reaction to hydrothermal hydrolysis, which takes advantage of the increased K w of pure water at temperatures highet than 250°C (vide infra).
In addition to strategies that trap HMF as its chloro analogue or stabilize it by minimizing contact with water, researchers have also sought to circumvent the decomposition of furans by continually removing them from the reaction system. Dumesic and co-workers used an acidic (pH 1) mixture of dimethyl sulfoxide and water at 170°C to degrade mono-and polysaccharides to HMF and furfural, while continuously extracting with dichloromethane or a mixture of MIBK and 2-butanol. HMF yields ranged from 29% (from glucose) to 36% (from starch). 80 Although this method provides lower selectivities and yields than the ionic liquid systems, it avoids the use of expensive ionic liquids and toxic chromium salts.
Selective Formation of Levulinic Acid
Frost and Kurth prepared levulinic acid from cellulose in 1951. 81 In contrast to HMF, levulinic and formic acids (which are formed together from HMF; see Scheme 4) are quite stable in hot dilute acid; levulinic acid is stable in water at pH 1.8 up to at least 200°C, but decomposes at higher temperatures. 58a The main decomposition products are the a-and b-angelica lactones. 82 The formation of levulinic acid and formic acid from HMF is acid-catalyzed and they consequently are often encountered in the acidcatalyzed degradation of hexose-containing polysaccharides. Levulinic acid is industrially useful as a platform chemical for the production of other small organics with potential applications in organic synthesis, polymer chemistry and fuel production.
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The selective synthesis of levulinic acid from biomass or cellulose using aqueous Brønsted acids has been studied by several researchers. 84 The yields from biomass are typically in the range of 30 to 70%, and depend on the reactor setup and biomass source. Increasing the reaction time or temperature, or the solution acidity, results in more levulinic acid formation 56, 65 and researchers often report higher yields of levulinic acid under harsher conditions. Heeres and co-workers studied the kinetics of acid-catalyzed formation of levulinic and formic acid formation from microcrystalline cellulose in water.
58b Despite levulinic acid being stable at 200°C, it was obtained in higher yield (>60%) at 150°C. This is likely because the activation energy for humin formation from glucose is greater than that for levulinic acid, so humin formation is favored at higher temperatures. Reactions run at lower cellulose concentrations also yielded more levulinic acid. This is probably also due to a decrease in humin formation, as that reaction is very concentration-dependent.
Heeres and co-workers also studied the formation of levulinic acid and other compounds from the water hyacinth plant. The highest yield of levulinic acid (53 mol%) was achieved by combining the substrate with aqueous 1.0 M sulfuric acid in a batch reactor at 175°C for 30 minutes. 85 Under these conditions, significant amounts of furfural and acetic acid were also detected; these originated from the hemicellulose fraction. Interestingly, when the acid concentration was lowered to 0.1 M, the dominant product from hemicellulose was propionic acid. Degradation of xylose to propionic acid is not seen under acidic conditions, 54 leading the authors to conclude that the acid was neutralized by ash components of the biomass. This conclusion was supported by the observations that very low cellulose conversion was seen under these conditions and that increasing the substrate concentration significantly lowered the product yield.
The acid-catalyzed production of levulinic acid from biomass has recently been commercialized as the Biofine process (Scheme 7). 86 In this two-stage procedure, lignocellulose is hydrolyzed for less than 30 seconds at 220°C with 2-4% mineral acid, giving mainly HMF and glucose. The mixture is then pumped into a second reactor and held at ~200°C for 15-30 minutes. The result is levulinic acid in >60% yield, making this an encouraging example of how biomass can be directly converted into a useful small organic molecule via acid-catalyzed hydrolysis.
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Scheme 7 The two-step Biofine process for production of levulinic acid and furfural from biomass Some alternatives to Brønsted acids have also been explored in the production of levulinic acid from cellulose. Peng et al. explored the catalytic activity of 0.01 M aqueous solutions of several metal chlorides for the conversion of microcrystalline cellulose into levulinic acid. 88 As expected, after two hours at 180°C, more acidic metal chlo- rides such as aluminum chloride, copper(II) chloride, iron(III) chloride and chromium(III) chloride gave the highest conversions (20-40%) of cellulose into water-soluble compounds. Interestingly aluminum chloride and especially chromium(III) chloride gave considerably more levulinic acid and less of the intermediates glucose and HMF than the other metal salts did. In order to correct for the different Lewis acidities of the metal chlorides, the cellulose hydrolysis reaction was repeated using solutions of aluminum chloride, copper(II) chloride, iron(III) chloride and chromium(III) chloride that had pH 3.8 (and therefore different metal concentrations; these are not given). Under these conditions, aluminum chloride gave the highest yield, 46 mol% of levulinic acid, whereas iron(III) chloride gave only a few percent and the copper and chromium salts gave 37 and 32 mol%, respectively. The highest yield of levulinic acid (67%) was obtained by heating cellulose (2 wt%) in an aqueous chromium(III) chloride solution ([CrCl 3 ] = 0.02 M) to 200°C for three hours. Although the actual role of the metal ions in cellulose hydrolysis is uncertain, they may catalyze the isomerization of glucose to fructose in aqueous solution and the authors suggested a mechanism (Scheme 8) similar to that reported by Zhang and co-workers for the reaction in ionic liquids. 71 In accordance with this proposal, the sulfate and chloride salts of zinc, chromium and aluminum showed significant catalytic activity in the conversion of glucose into HMF, levulinic acid and lactic acid.
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Scheme 8 Transition-metal-catalyzed isomerization of glucose into fructose and subsequent dehydration to HMF Solid acid catalysts have also been applied to levulinic acid synthesis. DeBoef, Lucht and co-workers attempted to synthesize glucose and levulinic acid from cellulose using acidic Nafion SAC 13 (silica-supported Nafion polymer) and iron(III) chloride on silica in water. 90 Preliminary results using cellobiose as the substrate were promising, yielding full conversion and a 1:0 ratio or 1:2 ratio of glucose to levulinic acid with Nafion or iron(III) chloride on silica, respectively. However, the reaction fared worse with cellulose: low conversions of cellulose and low yields of glucose and levulinic acid (<10%) were obtained after 24 hours at 190°C. Neither the cellulose type nor the solution acidity were reported, so it is unclear whether these catalysts may have fared better under different reaction conditions. Schraufnagel and Rase investigated Amberlyst and Dowex ion-exchange resins as solid acid catalysts for the degradation of sucrose and fructose into HMF and levulinic acid in aqueous solution (1.65 £ pH £ 1.95), and obtained up to 24% yield of the latter using Dowex MSC-1H. 91 The yields in this case may have been limited by the relatively low temperature (100°C) used; unfortunately, most of the resins could not tolerate higher temperatures. The authors noted a correlation between selectivity for levulinic acid and the resin pore size (in the range 50-380 Å). The selectivity for each compound varied with time, but the resins with larger pores generally gave higher selectivity for HMF and lower selectivity for levulinic acid. The authors suggested that this could be caused by the slower diffusion of the intermediate, HMF, out of smaller pores, as this would result in longer residence times in the pores, and therefore increased contact with the catalyst. The larger surface area of the resins with smaller pores may also have produced higher conversion into levulinic acid. Further experiments would be required to fully elucidate this effect.
Wang et al. reported the most successful solid-acid-catalyzed synthesis of levulinic acid from a polysaccharide. 92 Degrading microcrystalline cellulose with sulfated titanium(IV) oxide, they obtained 27 wt% yield of levulinic acid after 15 minutes at 240°C. Not surprisingly, increasing the catalyst loading and sulfate density increased the yield. They also found that levulinic acid decomposed slightly under these conditions.
Trapping of Monosaccharides by Chemical Modification
Whereas the problem of glucose decomposition during polysaccharide hydrolysis has inspired some researchers to focus on isolating the products of sugar decomposition, others have attempted to selectively produce more stable compounds via subsequent reactions. The most common strategy of this type is reductive trapping, though alkylation has also been used.
Formation of Alkyl Glucosides
In addition to glucose, HMF and levulinic acid, a few other compounds have been isolated directly from acid-catalyzed degradation of cellulose. Zhang, Wang and coworkers isolated methyl glucosides in good yields by performing the dilute-acid-catalyzed hydrolysis of cellulose in methanol (Scheme 9). 93 They heated microcrystalline cellulose in acidic methanol to 200°C for 30 minutes, and obtained 76 wt% conversion and an anomeric mixture of methyl a-and b-glucopyranoside in 48% molar yield. A few percent of methyl levulinate was also detected and this product was favored with increasing acid concentration and prolonged reaction time. The heteropolyacids tungstosilicic acid (H 4 SiW 12 O 40 ) and tungstophosphoric acid (H 3 PW 12 O 40 ), which catalyze aqueous polysaccha-
ride hydrolysis 94 and are easier to recover and less corrosive than Brønsted acids, were also tested in the methanolic reaction, as were various solid acids. The heteropolyacid-catalyzed methanolysis reactions of cellulose resulted in almost full conversions and yields of methylglucosides comparable to those obtained with sulfuric acid under similar conditions. Among the solid acids tested in the same reaction, zeolites and sulfated zirconia showed low activity whereas ion-exchange resins (Nafion and Amberlyst 15) gave full conversion of cellulose but relatively low yields of methyl glucosides, which were further degraded to methyl levulinate when the resins were present. Use of sulfonated carbon and sulfonated lignin as catalysts also gave high cellulose conversions, and the latter was also quite selective, giving methyl glucosides in up to 62% yield.
Scheme 9
The use of O-alkylation by reaction with methanol 93 or longer-chain aliphatic alcohols 95 to stabilize glucose during cellulose hydrolysis A similar approach was taken by Villandier and Corma who used ionic liquids to completely dissolve and hydrolyze a-cellulose, then subjected the resulting solution to in situ Fischer glucosidation (Scheme 9). 95 The optimized process consisted of hydrolysis in [1- n BuMIM] + [Cl] -and water for 60-90 minutes at 100°C followed by the addition of excess of 1-hexanol or 1-octanol and reaction at 90°C under reduced pressure for 24 hours. The reduced pressure significantly improved the yields, probably by removing water from the solution and thus driving the alcoholysis equilibria. Homogeneous tungstophosphoric acid and Amberlyst 15 had similar catalytic activities in this system, giving up to 46 mol% total yield of alkyl glucosides. Alkyl glucosides are used as non-ionic surfactants in the production of detergents, pharmaceutical preparations and personal care products. 
Formation of Polyols
Transition metals can catalyze the hydrogenation of ketones and aldehydes, including monosaccharides, 97 and several researchers have taken advantage of this reaction to reductively trap glucose as hexitols (Scheme 10), which are more resilient toward degradation and polymer formation. Nevertheless, hexitols are not immune to dehydration, hydrogenolysis or other cleavage reactions under the conditions employed; in fact, the transition-metalcatalyzed degradation of alcohols is used in the aqueous phase reforming of monosaccharides and polyols to hydrocarbons, hydrogen and carbon dioxide. Glucose was traditionally hydrogenated to sorbitol at 120-160°C and 70-140 bar hydrogen over Raneynickel. 99 Low catalyst activity and nickel leaching into solution, however, prompted the search for more robust catalysts, especially for use in the food industry where sorbitol is used as a sweetener and as a precursor to vitamin C. 100 Additionally, D-gluconic acid, a common byproduct in the metal-catalyzed reduction of glucose, binds irreversibly to Raney-nickel and thus deactivates it. 101 The platinum group metals (Ru, Rh, Pd, Os, Ir, Pt), generally show higher activity for the catalytic hydrogenation of monosaccharides than Raney-nickel, and they are also more resistant to deactivation and leaching. 102 Ruthenium in particular shows excellent activity for the hydrogenation of fructose and glucose, and has been used both as a heterogeneous 103 and homogeneous 104 catalyst, usually at temperatures around 100°C. Even though monosaccharide reductions of this type are highly selective (typically >95% selectivity), a number of byproducts have been identified. In addition to D-gluconic acid, which is formed by the oxidation of glucose, hexitol isomerization products and shorter polyols have been quantified. 103a,105 At temperatures of about 200°C, metalcatalyzed hydrogenolysis becomes more pronounced. With the addition of catalytic amounts of hydroxide ion or alkaline earth metal oxides, high conversions of hexitols into short polyols, especially ethylene glycol, propane-1,2-diol and glycerol can be achieved. 106 Balandin and co-workers exploited the metal-catalyzed hydrogenation of sugars to isolate polyols directly from cellulose during the 1950s. 107 They reasoned that difficulties in isolating monosaccharides in high yields from the dilute-acid-catalyzed hydrolysis of polysaccharides could be circumvented by reductively trapping them as polyols in situ prior to decomposition (Scheme 10). Although Dsorbitol is the direct product of D-glucose hydrogenation, the Lobry de Bruyn-Alberda van Ekenstein isomerization, which is catalyzed by very dilute acid (observed even at pH 6.69), transforms some of the D-glucose to D-fructose and D-mannose via enediol intermediates prior to reduction. 49 Balandin hydrolyzed hemicellulose and cellulose with aqueous 1-2% sulfuric acid at 155-160°C in the presence of ruthenium on carbon and 70 bar hydrogen. After one (for hemicellulose) or two (for cellulose) hours, they obtained mixtures of polyols in 78-82% total yield. 107 The same authors later showed that aqueous 0.7 wt% phosphoric acid was superior to an equimolar solution of aqueous sulfuric acid for sorbitol production from cotton cellulose, 108 as the stronger sulfuric acid significantly catalyzed the cyclodehydration of sorbitol, resulting in large amounts of sorbitan. On the other hand, up to 90% sorbitol yield could be obtained by treating cellulose with aqueous 0.7 wt% phosphoric acid and ruthenium on carbon for 50 minutes at 160°C under 70 bar hydrogen. The reaction conditions were crucial to good results. More sorbitan and other degradation products were formed after longer times or at higher temperatures or higher concentrations of phosphoric acid, whereas lower temperatures resulted in slow cellulose hydrolysis. In addition, hydrogenation was slow at hydrogen pressures £60 bar; higher hydrogen pressures did not affect the reaction outcome. Both platinum on carbon and palladium on carbon could also be used as hydrogenation catalysts but gave lower sorbitol yields than did ruthenium on carbon.
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Scheme 10 The combination of acid hydrolysis and metalcatalyzed hydrogenation produces hexitols from cellulose
The same method was later extended to pine sawdust (acetone-treated). After producing sugar alcohols in >90% yield, the authors used the same ruthenium on carbon catalyst to isolate phenol in ~35% yield from the hydrogenolysis of the residual lignin under basic conditions and hydrogen pressure. 109 An overview of Balandin's early research on the production of polyols from polysaccharides has been authored by Sharkov. 110 Robinson and coworkers published a more extensive study using an acid and ruthenium on carbon catalyst system similar to Balandin's, and added a simple method for catalyst reuse and lignin separation. 111 Baudel and co-workers took a two-step hydrolysis-hydrogenation approach to obtain xylitol from a sugarcane bagasse that contained ~65% hemicellulose. 112 They suspended dry bagasse in dilute aqueous acid, heated it from 20 to 150°C over 50 minutes and then cooled, neutralized and concentrated the reaction mixture. The crude pentose hydrolysate was hydrogenated under 20 bar hydrogen over ruthenium on carbon at 80°C for three hours, yielding high conversion into polyols (products were not quantified).
Palkovits and co-workers recently re-investigated Balandin's hydrolysis-hydrogenation system in detail. 113 They began by comparing the degradation of a-cellulose in dilute aqueous acid in the presence of platinum, palladium or ruthenium on carbon at 160°C. Platinum on carbon gave the highest conversion (up to complete cellulose degradation) and palladium on carbon was almost as effective, but ruthenium on carbon gave significantly less cellulose conversion (up to 74%). A control reaction without hydrogenation catalyst gave 69% conversion. Thus the supported metal catalysts clearly affected conversion, and the authors hypothesized that the metals catalyzed cellulose breakdown itself, either by producing new acid sites that catalyze hydrolysis, or by enabling the hydrogenolysis of carbon-carbon or carbon-oxygen bonds in cellulose. It is also possible that the catalysts favor cellulose hydrolysis because they remove glucose from the system (via hydrogenation to sorbitol), thus driving the hydrolysis equilibrium to form more glucose; further studies are necessary to elucidate the impact of hydrogenation catalysts on cellulose breakdown. Despite Balandin's early successes, the hydrolysis-hydrogenation of cellulose is by no means simple. Considerable effort has been made to identify the most common products of the reaction (summarized in Scheme 11) and to understand their formation. Palkovits and co-workers quantified the solution products from cellulose hydrolysis-hydrogenation. 113 They found that the product distributions were mainly determined by the catalyst, whereas the acidity, time and reaction temperature fine-tuned the distributions. The ruthenium-catalyzed reactions yielded mainly sorbitol, xylitol (from the hemicellulose contained in a-cellulose) and their dehydration products; whereas platinum and palladium yielded mostly glucose and xylose. Thus the palladium-and platinum-catalyzed hydrogenations were clearly slow. The authors also noted that the solution-phase products did not entirely account for the weight loss of insoluble cellulose, suggesting that some gaseous or volatile products were also formed; this was more pronounced for the palladium-and platinumcatalyzed reactions than for those catalyzed by ruthenium. Additionally, reactions in aqueous phosphoric acid that were catalyzed by ruthenium produced higher fractions of six-carbon products than those catalyzed by palladium or platinum under otherwise identical conditions; the situation was less clear in sulfuric acid. Taken together, these observations led the authors to conclude that palladium and platinum on activated carbon were more active catalysts for hydrogenolytic cleavage and reforming reactions. It was unclear, however, whether sorbitol was formed as an intermediate or whether the direct reforming of glucose was responsible for the formation of shortchain alcohols and gaseous products. Dumesic and coworkers have shown that platinum-catalyzed reforming, albeit under neutral conditions, degrades sorbitol to gaseous products more rapidly than it does glucose. 98a In contrast to these results, the effectiveness of transition-metal on silica catalysts for aqueous polyol reforming (T = 210°C, N 2 atmosphere) decreases in the order Pt, Ni > Rh, Pd > Ir, Ru.
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Scheme 11 Products of glucose degradation in the presence of acid, hydrogen and a metal catalyst; alcohols and polyols with fewer than six carbon atoms may be generated from glucose, sorbitol, or sorbitol dehydration products such as sorbitan and isosorbide Heteropolyacids catalyze cellulose hydrolysis, 94 and Sels and co-workers therefore combined these with ruthenium on carbon and hydrogen in the hydrolysis-hydrogenation of cellulose at 190°C. 115 For comparison, they also tested ruthenium on carbon with sulfuric acid. The reaction using ruthenium on carbon and tungstosilicic acid gave a combined hexitol yield (including dehydrated hexitols) of 49%, whereas ruthenium on carbon and sulfuric acid gave only 28%. The authors noted that hexitol selectivity went through a maximum when sulfuric acid was the hydrolysis catalyst, but was relatively constant in the presence of the heteropolyacid. At higher cellulose conversions (>50%), the authors suggested that sulfuric acid hydrolyzed cellulose to glucose more slowly than the heteropolyacid did (heteropolyacids have been shown to hydrolyze cellulose more rapidly than sulfuric acid, 94a though these tests were not conducted at equal pH). Slower cellulose hydrolysis would cause the glucose concentration in the reaction to remain low, thus leaving the ruthenium on carbon more available to catalyze hexitol decomposition by hydrogenolysis. The products of hexitol decomposition were not examined, however, so this hypothesis remains to be confirmed in future studies. Interestingly, the tungstosilicic acid system was relatively insensitive to changes in the cellulose-to-water ratio; the concentration of cellulose could be increased tenfold without significantly affecting the yield or conversion as long as the catalyst-to-cellulose ratio was constant.
The patent literature contains reports of the direct hydrolysis-hydrogenation of starch, inulin and polysaccharide hydrolysates to sugar alcohols by supported metals under hydrogen without the addition of soluble acids. 116 The reported catalysts include nickel, ruthenium, cobalt and other metals or metal combinations deposited on aluminas, active carbon, zeolites or other materials. For example, corn starch was converted into hexitols in almost quantitative yield in an aqueous suspension with ruthenium on HUSY, a protic Y zeolite, under hydrogen at 180°C. Naturally, these processes, which avoid hazardous acidic waste and enable simple catalyst reuse, are attractive from both economic and environmental viewpoints.
In 2006, Fukuoka and Dhepe reported that supported metals could also degrade microcrystalline cellulose. 117 They heated a dilute suspension of cellulose and a solid-supported metal to 190°C for 24 hours under hydrogen. Platinum on g-alumina or platinum or ruthenium on Y zeolites gave the highest yields, up to 31%, of hexitols (sorbitol and mannitol). Both the metal and support material strongly influenced the product yields, as other transition metals (Pd, Ir and Ni) and other support materials (ZrO 2 , activated carbon and mesoporous silica) gave significantly lower hexitol yields. Fukuoka and Dhepe proposed that the metal-support match leads hydrogen to spill over from the metal onto the support material, forming protic sites on the support surface and consequently an increased pool of H + in the system.
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Essayem and co-workers performed a series of control reactions to clarify the functional details of the platinum on g-alumina catalyst system for cellulose degradation. 119 Upon simply stirring an aqueous suspension of microcrystalline cellulose at 150°C under hydrogen for 24 hours, they found that 2 wt% of the initial cellulose dissolved; at 190°C, the conversion was 45%. Conversion is defined in this context as the weight loss of cellulose over the course of the reaction and, due to gas formation, is usually ~10% higher than the solubilization (which is based on total organic carbon in the aqueous solution). The conversion could be increased upon continued heating, with 83% conversion and 60% dissolution being obtained after 100 hours ( 120 More details of this kind of polysaccharide degradation are given in section 5.
Comparing the degradation of cellulose in the absence of catalyst or with g-alumina alone, Essayem and co-workers noted that a slightly better conversion was achieved when g-alumina was present (Table 2, entry 3). With platinum present (entry 4), the conversion of cellulose to solubles and gases increased to 71% after 24 hours. The amount of cellulose converted to solubles reached a plateau of 70% after only 50 hours, as compared to 60% after 100 hours for the blank reaction. Hence, the metal and support do improve the rate of cellulose dissolution and may in fact act as a bifunctional hydrolysis and hydrogenation catalyst. When the reaction was performed in the presence of platinum on g-alumina but under helium rather than hydrogen, the cellulose conversion was unaffected but a lower carbon balance (65%, cf. 77% under H 2 ) was observed, providing evidence for the significant formation of gaseous products.
Additionally, the authors re-used cellulose that had been subjected to the reaction conditions once, and obtained conversions and yields similar to those from fresh cellulose. The authors speculated that the reaction solution became saturated with soluble oligosaccharides during the reaction, thereby limiting conversion. Consequently, they performed the reaction under more dilute conditions but achieved the same conversion. When a more concentrated suspension was used, the conversion dropped to 45% but the actual amount of dissolved material was higher, ruling out the possibility of a pure saturation effect.
Zhang, Chen and co-workers further extended the use of the platinum on g-alumina catalyst by examining the formation of other polyols during the reaction (see Scheme 11). 121 Under the conditions used by Fukuoka and Dhepe, 117 they found the same combined sorbitol and mannitol yield, and also noted a 9% yield of ethylene glycol (EG), as well as small amounts of erythritol and 1,2-propylene glycol (Table 3 , entry 1). Increasing the temperature to 250°C and decreasing the reaction time to 30 minutes resulted in nearly full conversion of cellulose and produced more ethylene and propylene glycols (14% and 11% yield respectively) at the expense of the hexitols (entry 2). Changing the catalyst to tungsten carbide on activated carbon (AC) increased the selectivity for ethylene glycol over hexitols, and adding nickel as well gave a dramatic increase in ethylene glycol yield (entries 4 and 5). The maximum yield of ethylene glycol, 53 mol% (61 wt%), was obtained using a catalyst, which consisted of 2% nickel and 30% tungsten carbide on activated carbon, to decompose cellulose at 250°C under 60 bar hydrogen for 30 minutes (entry 5). In that reaction, propylene glycol (included in ROH) was also isolated in 6% yield; only a few percent hexitols were observed. A subsequent study demonstrated that the yield of ethylene glycol from cellulose decomposition over tungsten carbide on activated carbon was relatively independent of temperature in the range of 225 to 250°C but decreased at higher temperatures, probably due to decomposition. 122 The support type was very important for the yield of ethylene glycol and the catalyst nickel-tungsten carbide on activated carbon was superior to a mixture of nickel on activated carbon and tungsten carbide on activated carbon combined (entries 4-6), suggesting a synergistic effect.
Another study tested a variety of metals (Ni, Pd, Pt, Ru, Ir, W) on activated carbon as catalysts for cellulose degradation under the conditions used for tungsten carbide on activated carbon and found that tungsten was more efficient in degrading cellulose than any other of the metals tested. 123 The choice of metal significantly impacted the specific polyols formed, though all monometallic metal-onactivated-carbon catalysts gave low yields and selectivities. However, catalysts that combined these metals with tungsten (as M-W/AC) gave yields of ethylene glycol that were similar to that obtained with tungsten carbide on activated carbon (61 wt%). Hence both the conversion of cellulose and selectivity for ethylene glycol significantly increased when bimetallic catalysts were used. This study also showed that a combination of nickel on activated carbon and tungsten on activated carbon produced more ethylene glycol than either catalyst alone (Table 3 , entries 6-8). In a final study, tungsten carbides were supported on mesoporous carbon (MC). In this case WC x /MC and 2% Ni-WC x /MC were equally effective in producing ethylene glycol from cellulose, giving up to 64% yield (74 wt%). 124 Moreover, the former catalyst could be reused several times with only minor reductions in activity. The loss of activity was attributed to partial oxidation of the WC x phase, and the lost catalytic activity could be partially recovered by treating the catalyst with hydrogen at 550°C.
When analyzing and discussing product spectra from polysaccharides over supported metals, it is important to consider more than just alcohol formation. Polyols are, in fact, not very stable over transition metals at high temperatures. In an aqueous phase reforming experiment using hydrogen and platinum on silica-alumina at 225°C, Dumesic and co-workers converted ≥80 mol% of the carbon in a 5 wt% aqueous solution of sorbitol into gaseous C 1 -C 6 alkanes. 125 Completely reduced hydrocarbons can be formed from sugars or polyols by several routes, including successive dehydration-hydrogenations, carbonoxygen and carbon-carbon cleavages and methanation; they can also be formed via Fischer-Tropsch reactions from carbon dioxide, which is also formed during aqueous phase reforming.
11d,126 These reactions, in addition to the various rearrangements and cyclizations that can be catalyzed by metal and/or acid, pose serious selectivity challenges, regardless of whether the desired products are polyols, alkanes or hydrogen. Overall, reforming and cleavage reactions are favored at higher temperatures while the highest hexitol selectivities are obtained at temperatures greater than 200°C or when using relatively short reaction times. The most prominent degradation reactions of aqueous sorbitol over transition metals are shown in Scheme 12.
While Fukuoka and Dhepe investigated cellulose degradation, 117 Liu, Kou and co-workers studied the effect of transition-metal nanoclusters on the cellulose repeat unit (glucose dimer) cellobiose. 127 They heated aqueous solutions containing soluble ruthenium nanoclusters and cellobiose to 120°C for 12 hours under hydrogen. Under acidic conditions (pH 2), the sequence of acid-catalyzed hydrolysis and metal-catalyzed reduction yielded sorbitol quantitatively, whereas very little cleavage of cellobiose occurred at neutral pH. Under neutral or basic (pH 10) conditions, the main product was 4-O-b-D-glucopyranosyl-D-glucitol (the product of cellobiose monoreduction, Scheme 13). Liu et al. went on to study the hydrothermal degradation of cellulose (T = 245°C) with reductive trapping of glucose by ruthenium-on-carbon-catalyzed hydrogenation. 128 In order to assess the effect of the catalyst on cellulose conversion, blank reactions were compared with reactions containing various amounts of ruthenium on carbon. The conversion was, in all cases, 38% and 86% after 5 and 30 minutes, respectively, indicating that the solid catalyst did not affect the cellulose dissolution (Table 2, entry 6;  Table 3 entries 9 and 10). The product distribution in this high-temperature system was very time-and temperaturedependent. The selectivity for hexitols, which peaked at 39% yield, decreased at temperatures greater than 245°C in favor of shorter-chain alcohols (xylitol, erythritol, propylene glycol, glycerol, ethylene glycol and methanol). Sorbitan, a cyclic dehydration product of sorbitol (Scheme 11) was also formed in ~15% yield. The catalyst loading did not affect product yield or distribution in the range of 2 to 8 wt%, but the yields of all products decreased dramatically when 1 wt% catalyst was used.
Wang and co-workers studied the conversion of cellulose samples with varying crystallinity into polyols over supported ruthenium catalysts (Table 4) . 129 Ruthenium supported on carbon nanotubes was the most effective catalyst, giving a 73% yield of hexitols and an additional 10% erythritol and glycerol at the optimal catalyst loading (entry 1); ruthenium on alumina gave 25% yield of hexitols, 8% erythritol and 6% glycerol (entry 2). No information regarding cellulose conversion was included. Interestingly, ruthenium on magnesia gave no hexitols but did produce erythritol and glycerol (entry 3); whereas ruthenium on silica produced hexitols but neither erythritol nor glycerol (entry 4). Ruthenium on ceria produced nearly equal amounts of the three compounds (entry 5). Ethylene glycol formation was not discussed. The origin of the superior activity observed for the ruthenium-on-carbonnanotube catalyst is not known, though the authors noted that this catalyst was more acidic and capable of more hydrogen adsorption than the others.
Sorbitol was not obtained when the catalyst was iron, cobalt, nickel, palladium, silver or gold supported on carbon nanotubes; the corresponding supported platinum, rhodium and iridium catalysts each gave about 30% as much sorbitol as ruthenium. The ruthenium-on-carbon-nanotube catalyst could also degrade commercial microcrystalline cellulose (crystallinity = 85%) though more catalyst was required to produce good hexitol yield (Table 4 , entries 6 and 7).
In an attempt to better understand the role of ruthenium on carbon nanotubes in the degradation of cellulose, Wang, Zhang and co-workers studied the conversion of cellobiose to polyols by this catalyst. 130 Ruthenium-on-carbonnanotube catalysts with more acid sites gave significantly higher sorbitol yields. The catalyst with the most acid sites gave almost 90% yield of sorbitol from cellobiose after treatment for three hours at 185°C, whereas carbon nanotubes without acid sites gave only 25% yield. Neither cellobiose conversion nor yields of other products were given. The effect of temperature on product distribution was examined using the most acidic carbon nanotube support. Below 160°C, 4-b-O-glucopyranosyl-D-glucitol was the dominant product, but sorbitol selectively increased at higher temperatures, reaching 85% at 185°C. Above 185°C, the decomposition of sorbitol to shorterchain alcohols became significant. Carbon nanotubes with various ruthenium cluster sizes were also compared. Ammonia desorption measurements showed that larger ruthenium clusters gave catalysts with higher surface acidity, and these same catalysts also produced higher conversion of cellobiose and selectivity for sorbitol. A kinetic study demonstrated that reduced cellobiose (4-O-b-D-glucopyrScheme 12 Sorbitol degradation pathways available at high temperatures and in the presence of a metal catalyst anosyl-D-glucitol) is indeed the initial intermediate in all cases (Scheme 13), but, when smaller ruthenium clusters are used, less sorbitol and more mannitol and shortercarbon-chain products are formed. Carbon nanotubes with smaller ruthenium clusters also converted cellobiose into 4-O-b-glucopyranosyl-D-glucitol much faster than carbon nanotubes with larger ruthenium clusters; this effect was attributed to a larger active surface area available for hydrogenation. In contrast, conversion of 4-O-b-glucopyranosyl-D-glucitol was slower over smaller ruthenium particles, which the authors attributed to their lower acidity. Finally, the degradation of sorbitol to mannitol and C 2 -C 4 polyols under the reaction conditions was quite modest using larger ruthenium particles but gave up to 45% sorbitol conversion when using the smallest nanoparticles.
Scheme 13
Reactions of the cellulose repeat unit, cellobiose, at different pH values in the presence of metal catalyst and hydrogen Sels and co-workers recently reported on polyol production from microcrystalline cellulose using carbon nanofibers (CNF) on nickel on g-alumina. 131 The carbon nanofiber/nickel/g-alumina catalyst was compared with nickel on g-alumina and nickel on activated carbon and was more selective towards hexitols, giving up to 30 mol% yield (35 wt%) when heating cellulose in water to 210°C for 24 hours (Table 3, entry 11 ). An interesting pressure effect was observed: increasing the hydrogen pressure from 20 to 60 bar resulted in a significant increase of hexitol selectivity and almost doubled the yield of sorbitol and mannitol, despite having essentially no impact on cellulose conversion. Erythritol (12%), glycerol (4%), propane-1,2-diol (9%) and ethylene glycol (12%) were also formed under optimized conditions.
Alkaline Hydrolysis (T < 250°C)
The alkaline hydrolysis of cellulose produces C 1 -C 6 carboxylic acids. The production of these compounds via the alkaline degradation of wood products has a long history; for a time, oxalic acid was produced commercially from the fusion of sawdust with solid hydroxides. 132 However, regardless of whether a solid or aqueous base is used, the reaction is quite complicated and produces a variety of products whose distribution depends strongly on the conditions. Thus, the aqueous alkaline hydrolysis of cellulose (or other polysaccharides) has not yet produced carboxylic acids in high yields and selectivities. Nevertheless, the reaction has several encouraging characteristics. Cellulose swells in concentrated aqueous base ([HO -] > 2 M), making it more accessible for hydrolysis, 133 and alkaline cellulose hydrolysis has half the activation energy of acidic cellulose degradation. 54 The challenge, however, lies in producing a single (or strongly predominant) compound from the reaction. Although some work has aimed to manipulate the reaction to improve its selectivity, most studies have sought to identify the products of alkaline polysaccharide decomposition and to understand their formation. Some reviews of the topic are available; in particular, Nevell gives a detailed account of the mechanisms involved, 133 and Molton and Demmitt 134 and Knill and Kennedy 135 provide extensive lists of compounds that have been obtained. Alkaline cellulose degradation at low temperature has been studied in the context of nuclear waste storage, and many minor products of the reaction have been identified in these studies. The long reaction timescales (years) involved in these studies exclude their use for synthesis, so they are not discussed in detail here, but an overview of this topic is available. 136 Here, we focus on the major reaction products and factors affecting the reaction yield and selectivity.
Below 170°C and under an inert atmosphere, the aqueous alkaline hydrolysis of cellulose is dominated by 'peeling', the successive removal of monomer units from the end of the carbohydrate polymer. This reaction produces one equivalent of a saccharinic acid, most often D-glucoisosaccharinic acid (4H, Scheme 14) for each glucose monomer that is depolymerized, and occurs even at ambient temperature, albeit slowly. 137 As the saccharinic acid mol-
ecule can undergo subsequent degradation reactions, the yield and selectivity of an organic product under these conditions are determined both by cellulose conversion (the number of monomers that are peeled from cellulose to give water-soluble small molecules) and the selectivity of peeling and subsequent reactions.
Between 170 and 250°C, the situation is similar, except that b-(1→4)-glycosidic bonds, which link the anhydroglucose monomers in cellulose, are randomly cleaved as well. This reaction, caused by hydroxide ion attack at b-(1→4)-glycosidic bonds, 138 results in a rapid decrease in the degree of cellulose polymerization, 139 and increases the number of end groups present, thus allowing new chains to begin peeling. Conversions are therefore higher for alkaline cellulose hydrolyses carried out above 170°C.
Cellulose Conversion
Cellulose peeling occurs from the reducing end of the cellulose chain (i.e., the aldehyde carbon), and therefore mechanistic studies on alkaline cellulose hydrolysis are often carried out using hydrocellulose, which has been pretreated with acid to give a highly crystalline product in which most chains terminate with the crucial C1 aldehyde. When the aldehyde groups of hydrocellulose chains are reduced with sodium borohydride 140 or converted into thiols, 141 they are stabilized toward aqueous base, evincing the role of the aldehyde end group in alkaline hydrolysis. In the first step of the reaction, the reducing C1 end of a cellulose polymer is deprotonated by a Brønsted base (most often hydroxide, HO -) to form an acyclic enediol anion (1, i, Scheme 14), the same type of ion that is formed in the base-catalyzed Lobry de Bruyn-Alberda van Ekenstein isomerization of glucose to fructose and mannose. 142 In the major peeling pathway (ii), this anion rearranges to form cellulose with a fructose end group (2). This rearrangement places the carbonyl group b to the glycosidic bond (i.e., to the cellulose chain). b-Alkoxy elimination from this intermediate (iii) is facile, and produces the 2,3-diketone 3 [(S)-1,5,6-trihydroxyhexane-2,3-dione, where the change from an R to an S configuration at C5 reflects a change in substituent priority, not in absolute configuration] as well as a cellulose chain that is shorter by one monomer unit. The latter can undergo the same reaction again, continuing the peeling process. The released fragment 3 reacts with hydroxide ion and then undergoes the benzil-benzilic acid rearrangement 143 to produce one of the two diastereomers of carboxylate 4 -(iv), which produces a D-glucoisosaccharinic acid (a-or b-4H) upon protonation. Thus although hydroxide anions catalyze cellulose hydrolysis, they are also consumed via reaction with the hydrolysis product 3, causing the reaction pH to drop over the course of the reaction. Thus a sufficiently high pH is necessary to maintain the alkaline hydrolysis reaction. For example, the hydrolysis of the glucose dimer, cellobiose, in aqueous sodium hydroxide 144 Several side reactions preclude the quantitative peeling of cellulose in alkaline solution via the mechanism shown in Scheme 14, steps i-iv. In the most important of these, intermediate 1 eliminates a b-hydroxy group to produce the 1,2-dicarbonyl compound 5 (v), which reacts with hydroxide ion to form 6 -(vi), a cellulose chain with an alkalistable a-hydroxycarboxylate end group (i.e., a deprotonated metasaccharinic acid group), 145 thus terminating the peeling reaction. Though this is the major termination reaction, more than a dozen other alkali-stable end groups have been identified, 146 indicating that a wide variety of termination reactions are possible. Termination also occurs when the cellulose chain is peeled back to a (nonalkaline-stable) reducing end group that is inaccessible to hydroxide ion; this is considered a physical termination, 147 and can be a major cause of termination. Once the alkaline hydrolysis of a cellulose sample ceases, leaving an alkali-stable cellulose, the alkali-stable end groups can be removed via acid hydrolysis to produce a material that can be degraded with alkali again. 148 As the alkali degradation of cellulose at temperatures greater than 170°C occurs only from the chain end and preferentially degrades the shorter, more soluble chains, the undegraded material generally has a degree of polymerization that is similar to or higher than that of the starting material. 133 Similarly, the residual product is more crystalline than the starting material; 31 this is true even when hydrolysis is conducted at temperatures above 170°C. The relative rates of cellulose peeling (R peel ) and chemical termination (R term ) are important to cellulose conversion, especially for temperatures greater than 170°C. The factors that affect R peel /R term are summarized in Table 5 . The major termination reaction (steps v-vi, Scheme 14) has an activation energy of 134 kcal/mol, higher than that of peeling (100 kcal/ mol), 147 and can thus be mitigated using mild reaction temperatures (Table 5 , entry 1). At 95°C and [HO -] 0 ≥ 1.25 M, for example, the termination reaction is estimated to be about 100 times slower than peeling, 149 though the ratio can span more than an order of magnitude. 147 Nevertheless, termination competes with peeling even at low temperature.
Scheme 14 The primary mechanisms of cellulose peeling (reactions i-iv) and chain termination (reactions v, vi) in alkaline solution
137b Notably, although R peel /R term is lower at higher temperature, the weight of cellulose degraded (i.e., the reaction conversion) remains relatively constant over the temperature range 65-132°C. 147 This highlights the importance of physical chain termination in alkali degradation, and suggests that it is more prevalent at lower temperature. Alkalinity also affects the relative rates of peeling and termination (entry 2). In the case of cellulose degradation in aqueous sodium hydroxide at low [ M, the concentration at which cellulose swelling is maximized. 140 When [NaOH] 0 > 6 M, cellulose conversion decreases; the reaction using [NaOH] 0 = 18.6 M gave much less cellulose conversion than that using [NaOH] 0 = 6 M under otherwise identical conditions. This lower conversion was accompanied by an increase in chemical termination (the formation of metasaccharinic acid end groups, etc.), indicating that these reactions are favored in very strong alkali.
Conversion is relatively unaffected by changing the basic anion from hydroxide to bicarbonate or carbonate, but little conversion is observed when the base is tetraborate or hydrogen phosphate (entry 3). 146, 150 The counterion, on the other hand, is quite significant (entry 4). 
Product Selectivity
Scheme 14 depicts only the most important peeling and termination reactions of cellulose; as already mentioned, many minor termination reactions have been observed. The most important barrier to selectivity in alkaline cellulose degradation, however, is the subsequent decomposition of the saccharinic acids (most often D-glucoisosaccharinic acid), formed from peeling, to give other acids. The number of acid equivalents produced per unit glucose lost from a cellulose chain, which would be 1 if there was no subsequent degradation from the saccharinic acids, has been measured to be 1.4-1.86 in aqueous sodium hydroxide, 138, 148, 150, 152 so further degradation is clearly common. A great many compounds are produced in varying amounts from the alkaline degradation of cellulose, [133] [134] [135] meaning that control of selectivity in this type of reaction is likely to be decisive for its synthetic utility. In terms of controlling selectivity, the field of alkaline cellulose degradation has not yet progressed as far as that of acid-catalyzed cellulose hydrolysis, but the impacts of multiple factors on product selectivity have been examined. Some of the most prominent water-soluble products of alkaline cellulose hydrolysis (apart from D-glucoisosaccharinic acid) are shown in Figure 4 . At relatively low temperature (100°C) and alkali concentration ([NaOH] 0 = 0.5 M), D-glucoisosaccharinic acid is the predominant soluble product of cellulose hydrolysis, 153 and has been isolated in 21% molar yield from this reaction. 154 Its formation is favored in the presence of Ca 2+ ; the reaction in lime water [aqueous Ca(OH) 2 ] produced a much higher selectivity for D-glucoisosaccharinic acid than did sodium hydroxide. 155 This can be understood by considering intermediate 3 in Scheme 14, which forms D-glucoisosaccharinic acid (4H) via the benzilic acid rearrangement (step iv in Scheme 14), but can also fragment to yield formic acid and 3-deoxypentulose (which is not isolated, but rather converted in situ into 2,5-dihydroxypentanoic acid). Ca 2+ ions catalyze the benzilic acid rearrangement, 143 favoring the conversion into D-glucoisosaccharinic acid rather than fragmentation. D-Glucoisosaccharinic acid can be disfavored by hydrolyzing cellulose using bicarbonate, rather than hydroxide, as the base. In that case, the fragmentation of intermediate 3 is apparently favored over its rearrangement to D-glucoisosaccharinic acid, and considerable amounts of formic acid and 2,5-dihydroxypentanoic acid are produced. 146 Most quantitative measurements of the products of alkaline cellulose degradation have been carried out at high temperature (T ≥ 170°C), presumably because higher conversions are available under these conditions. D-Glucoisosaccharinic acid is still obtained, but smaller degradation products make up a greater fraction of the soluble products. The yields and selectivities of some alkaline cellulose degradations are given in Table 6 . Only the most abundant products from alkaline cellulose degradation are given. For comparison, results are also given for the products of alkaline starch degradation. Though the alkaline hydrolysis of starch, in which glucose units are linked by a-(1→4)-glycosidic bonds, is expected to be slower than that of the b-(1→4)-linked cellulose, 156 it nevertheless produces many of the same products, albeit with different distributions.
Niemelä and Sjöström examined the yield and selectivity of alkaline cellulose degradation while varying the temperature (170 to 190°C) and initial concentration of sodium hydroxide (1 or 3 M). 158 The main product by weight was b-glucoisosaccharinic acid (b-4H) in all cases, though it was produced slightly less selectively when the initial concentration of sodium hydroxide was raised from 1 M to 3 M (Table 6 , entries 1-3 vs. [4] [5] [6] . The highest yield of b-4H was obtained at 190°C and 3 M sodium hydroxide concentration, when 16.8 wt% (15.1 mol%) was obtained. Selectivities for the other major products were independent of these two variables in the ranges examined. The yields of almost all products increased with temperature. Niemelä observed similar trends in selectivity for the alkaline degradation of starch (Table 6 , entries 9-12). 157 Notably, the degradation of starch was significantly more selective for b-glucoisosaccharinic acid (b-4H) formation than was the degradation of cellulose.
The alkaline hydrolysis of cellulose at 220°C and [NaOH] 0 = 0.5 M also produced 4H as the major product, though the a-and b-forms were not quantified separately in this case. Lactic acid was also a major product. In very concentrated alkali ([HO -] 0 = 16 M) at 240°C, the situation is quite different. Krochta et al. degraded both cellulose and starch under these conditions, and found glycolic acid to be the major product (Table 6 , entries 7, 8, 13, and 14) . 159 Oxalic and lactic acids were also produced in significant amounts, indicating considerable cleavage of sugar acids to two-and three-carbon acids (4H was not quantified). These products were more abundant when the base was sodium hydroxide rather than potassium hydroxide, and the yields of two-carbon acids (i.e., glycolic and oxalic acids) were higher from starch than from cellulose. Lactic acid, on the other hand, was produced in greater amounts from cellulose. The agricultural product jute stick has been subjected to alkaline hydrolysis under similar conditions; Mathew et al. obtained 52 wt% oxalic acid from jute stick hydrolysis with 50 wt% aqueous potassium hydroxide at 230 ± 10°C. 160 No other organic products were quantified.
To date, the alkaline degradations of cellulose that have given the highest yields have also used very strong alkali (for example, see Table 6 , entries 7 and 8). This is likely to limit the utility of 'low-temperature' (i.e., T < 250°C) alkaline degradations. Alkaline cellulose degradation using [HO -] 0 = 1-3 M produces a complex mixture of products that prompted Niemelä and Sjöström to suggest seeking industrial applications that could use the mixture directly; they identified detergents and dispersing agents as candidates. 158 However, the situation is different at higher temperature (see section 5), and base catalysts may well be useful in obtaining organics in good yield from the hydrothermal degradation of cellulose.
Xylan and chitin have also been degraded in alkali. 157 Though the alkaline hydrolysis of chitin was more selective than those of cellulose or starch, the recalcitrant nature of the feedstock resulted in extremely low yields. Xylan, on the other hand, could be hydrolyzed in better yields, and gave mainly xyloisosaccharinic, lactic, and 2-hydroxybutanoic acids at temperatures of 175 or 190°C and [NaOH] 0 of 1 or 3 M. Lactic acid was the most abundant product, and was obtained in 22 wt% yield and 25 wt% selectivity among the identified acids at 190°C and 3 M initial sodium hydroxide concentration.
Hydrothermal Degradation
At temperatures greater than 200°C, wood-derived cellulose starts to degrade, albeit slowly, even in pure water. The reaction is rapid above 250°C; the treatment of pure cellulose at 265°C for 40 minutes or 295°C for just 1 minute in a percolation reactor can produce glucose iñ 50% yield. 161 At 300°C, crystalline cellulose is rapidly converted into amorphous cellulose, 162 for which hydrolysis is so facile that its decomposition products give spectra similar to those of glucose decomposition under the same conditions, though with the addition of soluble oli- gosaccharides. 163 Notably, hydrothermal treatment does not significantly alter the degree of cellulose crystallinity at 190 119 or 245°C, 128 though it does at 380 °C; 164 this is in contrast to the cases of dilute-acid-and base-catalyzed hydrolysis, which increase crystallinity by rapidly consuming the amorphous regions of a cellulose sample (vide supra). Thus hydrothermal degradation (T < 374°C) does not selectively consume amorphous cellulose; rather, the reaction takes place over the entire solid (i.e., cellulose)-liquid interface. The degradation of polysaccharides in hot, compressed water (subcritical H 2 O, T < 374°C) must be considered as both an acid-and a base-catalyzed process because the high ionization constant of water under these conditions (at 300°C, for example, log K w = -11.406, so pH = pOH = 5.7) 120 results in elevated concentrations of both H + and HO -, despite the solution remaining neutral. Thus, products of both acid-catalyzed hydrolysis (glucose, HMF, levulinic acid) and base-catalyzed hydrolysis (lactic and other organic acids) are obtained under these conditions. Over the course of the reaction, the formed organic acids lower the reaction pH to 3-4.
3b The decomposition of glucose in subcritical water yielded both acid-and base-catalysis products even in the presence of 0.02 M sulfuric acid or sodium hydroxide. 165 Lactic acid is the major product of pyruvaldehyde decomposition in subcritical water, which suggests that the benzilic rearrangement can occur in this medium without any added base catalyst, 165b and the Lobry de BruynAlberda van Ekenstein rearrangement also occurs under these conditions. 58c, 166 Though quite remarkable, the enhanced ability of subcritical water to act as both an acidic and a basic catalyst can be a problem for selectivity, as it increases the number of pathways available for polysaccharide degradation. As the hydrothermal treatments of cellulose 167 and biomass samples 31,167a,168 have been reviewed, we focus here on cases in which catalysts have been added in order to improve the selectivity in this medium. Several such strategies have been reported.
The acid-catalyzed degradation of cellulose can be favored in subcritical water by performing the reaction at low pH. Using phosphate buffers, Asghari and Yoshida investigated the hydrothermal decomposition of cellulose at pH £ 6.5. 169 They obtained the best HMF yield, ~32 mol%, after 2-3 minutes at 270°C and pH 2; less HMF was obtained at lower or higher temperatures, lower or higher pH (pH 0 ≥6.5), and longer reaction times. Without phosphate buffer, the HMF yield did not exceed 19 mol%. The phosphate buffer also improved the yield of HMF from Japanese red pine wood, producing almost 25 wt% at pH 2 (cf. ~17 wt% in the absence of buffer). Though HMF yields higher than 32% have been obtained from cellulose using ionic liquids (see Table 1 ), this yield is high compared to other cellulose decompositions in aqueous acid.
Several authors have applied basic catalysts to the hydrothermal decomposition of polysaccharides. Krochta et al. 170 used sodium hydroxide to bias the reaction toward the formation of small organic acids, and reported that the production of these compounds from cellulose at 280°C increased more than tenfold when 6 wt% sodium hydroxide (~1.5 M) was added. 170a They also found this method to be applicable to starch and rice straw. The major product from these reactions was lactic acid, which was formed in 18.1, 19.8 and 15.3 wt% yield from cellulose, starch and rice straw, respectively (Table 7, entries 1, 6,  and 8). 170b Formic, glycolic, acetic, and 2-hydroxybutyric acids were also significant products. The distributions of acid products from cellulose and starch were nearly identical. The distribution from rice straw was similar, though some differences were noted; these may have been caused by the presence of metal cations in the ash components of rice straw.
However, the amount of organic acids produced from rice straw indicated that some must have come from its noncellulose components (most likely hemicellulose), so the difference in distribution may also be due to the decomposition of other sugar monomers.
Jin and co-workers further investigated the effect of base on saccharides at high temperature. 171 By first investigating the degradation of glucose, they found that a lactic acid yield of approximately 20% (yield basis not given) could be achieved using calcium hydroxide as the catalyst (Table 7 , entries 2 and 7). Carbonate bases (Na 2 CO 3 , K 2 CO 3 ) have been applied to the degradation of cellulose in subcritical water, though the resulting organic products have not been quantified. 172 However, the presence of these additives increases gas formation from the reaction.
The hydroxides and carbonates of sodium and potassium ([base] 0 = 0.94 M) have been applied to the decomposition of pine sawdust at 280°C, and increased the selectivity for acetic acid, butyrolactone (isomer not specified), and 3-hydroxypentan-2-one. 173 These catalysts also lowered the amount of char formed, and changed the distribution of phenolic compounds from lignin degradation. The application of basic catalysts to lignin liquefaction has been examined by several research groups. 174 Li and co-workers turned to transition-metal sulfates, which catalyze glucose decomposition at 300°C, 175 to improve lactic acid formation from cellulose and biomass decomposition (Table 7 , entries 3-5 and 9-13). 176 Nickel(II) sulfate gave the best lactic acid yields from cellulose, with the reaction in the presence of 2.6 mM nickel(II) sulfate producing twice as much lactic acid as the uncatalyzed reaction. The yields of lactic acid from maize straw, sawdust, and rice husk were also increased by some metal sulfates, though the effect varied depending on both the metal salt and the substrate. All metal salts tested lowered the yields of lactic acid from wheat bran.
In all cases, lactic acid yields decreased at higher catalyst concentrations.
Above the critical point of water (374°C), 120 the hydrolysis of cellulose is much faster than mono-and oligosaccharide decomposition, and crystalline cellulose is partially dissolved and rearranged to a less crystalline form above 375°C. 164, 177 Because cellulose hydrolysis is very rapid in supercritical water, it can produce glucose and oligosaccharides selectively if the reaction time is limited to a few seconds. 163, 178 At longer reaction times, organic acids are formed, then subsequently decompose to gaseous products. 179 In fact, catalytic decompositions of cellulose in supercritical water are often gasification reactions that aim to produce hydrogen. 180 The degradation of sugars to acetic acid in supercritical water can be favored using a base. Calvo and Vallejo reported an acetic acid yield of 36.1 wt% (carbon basis) from the decomposition of glucose in the presence of aqueous 0.25 M sodium hydroxide in water at 400°C and 27.6 MPa, 179 suggesting that it may be possible to combine this reaction with cellulose hydrolysis in this medium. Kruse and co-workers also produced acetic acid from the potassium carbonate catalyzed decomposition of glucose at 400°C. 181 Though the acetic acid yield was not given, the authors noted much less of this compound in the reaction mixture when the temperature was 500°C, suggesting that it decomposed more rapidly at this temperature.
Sinag and co-workers applied three dissimilar catalysts, potassium carbonate, HZSM-5, a protic zeolite, and nickel on silica, to the decomposition of cellulose in supercritical water (T = 375°C). 182 The catalysts were used in equal proportions by mass, and thus in varying amounts by mole. In all cases, the glucose yield was <1 wt%, and the major condensed product was acetic acid or acetaldehyde. The basic catalyst, potassium carbonate, improved the yield of acetic acid (Table 8 , entry 2) compared to the uncatalyzed reaction (entry 1), but increased the yield of acetaldehyde more. The reaction catalyzed by acidic HZSM-5 also yielded more acetaldehyde than the uncatalyzed reaction, but produced less acetic acid (entry 3). Nickel on silica gave the best selectivity for acetic acid (entry 4), as well as the most organic carbon in the aque- ous phase (~50%). Nevertheless, the acetic acid yield remained below 10 wt%, and large proportions of the cellulose were gasified or converted into a carbon-rich residue. All three catalyzed reactions produced more gas than the uncatalyzed reaction did, and specifically increased the yields of hydrogen, carbon dioxide, and methane. The nickel on silica catalyst also yielded the most acetic acid from a real biomass feedstock, sawdust; in that case, 10.5 wt% acetic acid was produced (cf. 9.1 wt% for the uncatalyzed reaction).
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Metal-Catalyzed Oxidative Degradation
Though the oxidative degradation of cellulose in the presence of metals has been well studied, much of this work has aimed to prevent the reaction. Pulp and paper bleaching processes, which aim to remove the lignin component of lignocellulosic biomass while leaving the polysaccharide components intact, can oxidatively degrade cellulose to produce shorter cellulose chains, and this unwanted reaction has been examined in detail. 183 The oxidation of cellulose to give small molecules with carboxylic acid functionalities has received much less attention. However, mono-and disaccharides are now recognized as 'green' sources of these compounds, because they are renewable and can be oxidized with oxygen or hydrogen peroxide in the presence of noble-metal catalysts, 184 and a few reports have extended the reactions developed for sugars to the oxidative degradation of cellulose.
In 2000, Patrick and Abraham reported that platinum on alumina, which catalyzes the oxidation of sugars, 184a,b could be applied to the air oxidation of cellulose. 185 Even in the absence of a transition-metal catalyst, cellulose can be thermally degraded under oxidation conditions, though the reaction is nonselective. Thus, after heating cellulose in the presence of alumina (T = 87-185°C), the authors found a mixture of small organic acids in the product. These were predominantly oxalic and succinic acids, though a variety of other acids could also be identified. The platinum-on-alumina catalyst gave oxalic acid as the dominant organic product, with other products being suppressed. The non-metal-catalyzed oxidation still occurred in the presence of catalyst, however. Although oxalic acid was the major organic product from the catalytic oxidation, it was obtained in low yield; the major oxidation product was carbon dioxide, indicating that over-oxidation was a serious issue.
In an effort to improve the reaction selectivity for small organic compounds rather than carbon dioxide, Abraham and co-workers turned to palladium, a weaker oxidizing agent than platinum, as the catalytic metal. 186 The air oxidation of cellulose in aqueous solution over palladium on alumina at 100°C produced very little carbon dioxide, and the major products were malic, acetic, and oxalic acids (see Figure 4 and Figure 5 ). The maximum yield of malic acid, 8 wt%, was produced at 155°C. Thus palladium produced a higher yield of organic acids, though room for improvement remained. The authors added acetic acid to the reaction in order to lower its pH, and thus increase the rate of cellulose conversion. Though cellulose conversion did increase under these conditions, it was not clear whether this improved the yield of malic (or any other) acid. In a later publication, Schutt and Abraham performed the same reaction under basic conditions. 187 At pH 11.5 (controlled using NaOH), the palladium-on-alumina-catalyzed hydrolysis-oxidation of cellulose produced acetic acid and glucose as the major products. The yield of acetic acid was ~20 wt% and the yield of glucosẽ 15%. Malic, succinic, and oxalic acids were also formed, though in much smaller amounts. When the pH was held at 9.0 using sodium tetraborate, a Lewis base, the oxidation of glucose to acids was greatly accelerated, though the effect of this change on the product yields and selectivities was not described. Though the system of Abraham and co-workers still requires development to improve the conversion of cellulose and yield of organic products, it stands as a rare example of a direct, fairly selective oxidation route from cellulose to small organic acids. The particular design of their reactor, called a 'monolith froth reactor' offered a specific advantage in the noble-metal-catalyzed oxidation of glucose to acids. The reactor essentially operated as a four-phase system (solid catalyst, solid cellulose, aqueous solution of cellulose oligomers, sugars, and oxidation products, and gaseous air), so the catalyst had only intermittent contact with oxygen, which is known to over-oxidize palladium-and platinum-on-alumina catalysts during glucose oxidation. 184a,b Minimizing over-oxidation of the catalyst extended its lifetime.
Although the oxidative degradations of cellulose by palladium on alumina and platinum on alumina have not been subject to mechanistic study, Abraham and co-workers have produced kinetic models suggesting that oxidation products can be formed both directly from the polysaccharide and in two steps, via hydrolysis to sugars and subsequent sugar hydrolysis or oxidation. [185] [186] [187] The initial oxidation of aldoses occurs via hydride extraction (Scheme 15), 184b and the oxidation of polysaccharides is likely to follow a similar mechanism. At elevated temperatures, such as those used by Abraham and co-workers, platinum also oxidizes the C6 alcohol of glucose. Recently, gold catalysts on various supports have been applied to cellobiose oxidation, 188 and have proven more selective than supported platinum and palladium catalysts. To our knowledge, these have not yet been used in combination with cellulose degradation.
Finally, there is a method of catalytic cellobiose oxidation whose application to cellulose has thus far been restricted to bleaching studies. Modifications of these systems could be investigated for cellulose breakdown. Heteropolyanions have been used in pulp and paper bleaching, 189 and Neto and co-workers have studied cellulose degradation by oxygen in the presence of [PMo (12-n) V n O 40 ]
(3+n)-. 190 As part of this study, they examined the oxygen oxidations of cellulose and cellobiose by partially reduced [PMo 7 V 5 O 40 ] 8-in acidic solution, and attributed the oxidation reactions to both the free radical hydroxy and hydroperoxy species formed upon catalyst oxidation, and to the VO 2+ ion, which is released from molybdovanadophosphates in acidic solution. The major product from the degradation of cellobiose was glucuronic acid ( Figure 5) ; together with its lactone, this compound comprised 53% of the reaction mixture. Thus oxidation at C6 was dominant in this system. Other identified products included glyceric, malic, glycolic, and oxalic acids (Figures 4  and 5 ).
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Conclusion and Outlook
A large number of compounds are available directly from polysaccharides through one-pot catalytic transformations. Acid-catalyzed hydrolysis coupled with dehydrative or reductive transformations have yielded HMF, levulinic acid and polyols such as sorbitol in good yields. Alkaline, oxidative and hydrothermal degradations of polysaccharides have also yielded useful compounds, albeit less selectively. Metal catalysis has proven useful in all of the aforementioned approaches, but considerable work remains to develop truly effective and selective metal catalysts. Significant interest has recently been directed towards the use and design of solid catalysts for polysaccharide, and especially cellulose, degradation; however, a deeper understanding of how factors such as a pore size, acidic sites, and the addition of metals affect hydrolysis and subsequent steps is required.
Solid acids are not yet very effective catalysts for cellulose hydrolysis and the conversion of cellulose, at least in aqueous systems, is mainly determined by temperature. This is hardly surprising considering the slow dissolution of cellulose at temperatures below 200°C. Once dissolution has occurred, however, the hydrolytic cleavage and chemical modification of mono-and oligosaccharides are more dependent on the solid catalyst, with different metal-support combinations giving very different product spectra. Solids bearing both Brønsted and Lewis acid sites have been used and re-used, and have given promising results. The major barrier to effective cellulose conversion in the liquid phase is the dissolution of the very stable crystalline polymer. Two main approaches have been used to dissolve cellulose: low-temperature dissolution in highly ionic solvents such as concentrated acids or ionic liquids, and high-temperature dissolution in sub-or supercritical water. Each of these options has important advantages and disadvantages. Although low-temperature dissolution gives better selectivity, the use of ionic liquids for the bulk processing of wooden material is not optimal. Water, on the other hand, is cheap and a truly green solvent, but the high-temperature processes in which it is useful are energetically less favorable. Regardless of which approach is taken, one is left with the challenge of extracting the often very hydrophilic products from the reaction medium. In this respect, one-pot transformations of cellulose to HMF, CMF, levulinic acid and syn-gas with direct extraction into another phase are inspiring examples.
Clearly, processed cellulose, even microcrystalline cellulose that has a crystallinity of ~95%, is transformed into small organic molecules more easily and with higher selectivity than is crude lignocellulose. Although the polysaccharides in lignocellulose, or any type of biomass, are protected by lignin and other stabilizing components, they are, on average, only 70% crystalline. However, they generally have a much higher degree of polymerization. More work is required to adapt the candidate processes discussed here to lignocellulosic material, which is much more complex than model systems.
